The effects of acute global ischemia on cytosolic calcium transients were studied in perfused rabbit hearts loaded with the fluorescent calcium indicator indo 1. Indo 1-loaded hearts were illuminated at 360 nm, and fluorescence was recorded simultaneously at 400 and 550 nm from the epicardial surface of the left ventricle. The F4m/F550 ratio was calculated by an analog circuit, which allowed cancellation of optical motion artifact. Resulting calcium transients demonstrated a rapid upstroke and slow decay similar to those recorded in isolated ventricular myocytes. Global ischemia rapidly suppressed contraction, but it produced a concurrent increase in the systolic and diastolic levels of the calcium transients, together with an increase in the duration of the peak. The effects of ischemia were reversed by reperfusion, inhibited by verapamil, and mimicked by perfusion of nonischemic hearts with acidified (C02-rich) solution. In addition to elevation of the calcium transients, ischemia caused a pattern of intracellular calcium alternans that was discernible after 2-3 minutes. The pattern of alternans was stable at a given epicardial site, but it could be out of phase at different sites. Similar nonuniformities were observed in contraction strength and in the duration of monophasic action potentials recorded immediately adjacent to the fiber-optic probe. Abnormalities in intracellular calcium may be a causal factor in the loss of electrical and mechanical synchrony in the acutely ischemic heart. (Circulation 1988;78:1047-1059 C essation of blood flow causes rapid changes in the electrical and mechanical activity of the heart. The resting potential of ischemic cells declines promptly, which inactivates sodium channels and slows conduction.' The duration of the action potential is modified to varying degrees so that recovery of excitability no longer occurs in the normal, orderly sequence. The combination of slowed conduction and nonuniform excitability leads to vulnerability of the ischemic heart to ventricular
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Materials and Methods Preparation of Isolated Hearts
Albino male New Zealand rabbits weighing between 1.8 and 2.2 kg were killed by cervical fracture. The heart was rapidly excised and perfused with saline solution at a constant flow rate of 20-30 ml/min. The perfusate contained NaCI 115 mM, KCl 4.7 mM, CaCI2 2.0 mM, MgC12 0.7 mM, NaHCO3 28 mM, NaH2PO4 0.5 mM, glucose 20 mM, insulin 10 units/l, and fetal calf serum 0.1%; the perfusate was adjusted to pH 7.4, equilibrated with 95% 02-5% C02, and heated to maintain the heart at 30 ± 10 C.
Left ventricular pressure was recorded with an isovolumic intracavitary latex balloon that contained a fiber-optic pressure transducer (Camino Laboratories, San Diego, California). Simultaneous recordings of local contractile activity were obtained with a piezoelectric epicardial strain gauge, the transducing pins of which were 4 mm apart. In some experiments, the ventricular action potential was recorded from the surface of the heart with a "contact" monophasic action potential electrode, which is known to respond linearly to changes in membrane potential. 15 Recordings were obtained from the anterior surface of the left ventricle except where otherwise stated. Illumination from a 100 W mercury vapor lamp was filtered at 360 ± 5 nm and directed through a silica fiber-optic cable onto the surface of the heart. The fiber-optic cable terminated in a plastic receptacle, which was attached to the heart by a plastic sleeve and rubber girdle that were designed to minimize relative motion. The plastic sleeve was opaque, and it confined the illumination beam to a circular region of the ventricular surface 1 cm in diameter. Fluorescence emissions were collected by a ring of smaller fiber optics and were directed through a beam splitter into two photomultipliers fitted with optical band-pass filters centered at 400 and 550 nm. The output of the photomultipliers was passed into an electronic ratio circuit so that the fluorescence ratio (F400/F550) could be obtained. Fluorescence at individual wavelengths, the F400/F550 ratio, and other physiological signals were displayed on a Gould-Brush strip chart recorder (Cleveland, Ohio). Indo 1-AM was solubilized in dimethyl sulfoxide containing pluronic F-127 (25% w/v) and infused into the heart at a final concentration of 2.5 ,gM, in the presence of 5% fetal calf serum. Perfusion with indo 1-AM continued for 30 minutes, followed by a 30-minute washout. This procedure caused the fluorescence of the heart to increase by a factor of 5-12 compared with the fluorescence obtained before loading (autofluorescence).
Differential Centrifugation, Manganese
Quenching, and Electron Microscopy
To confirm that infused indo 1-AM is converted to the calcium-sensitive free acid, manganese quenching studies were performed. Low concentrations of manganese are known to quench completely the fluorescence of indo 1 free acid, while having no effect on the calcium-insensitive fluorescence of indo 1-AM. 17 In three hearts loaded with indo 1, 20 mM MnC12 was infused in the presence of the ionophore ionomycin (1.5 ,M), which transports Mn' ions into the cell interior. Manganese promptly quenched more than two thirds of the fluorescence in all three hearts, which indicates that most of the fluorescence arose from indo 1 free acid. Postmanganese fluorescence was, however, significantly higher than the autofluorescence level (172 ± 5% of autofluorescence at 400 nm and 161 +±5% of autofluorescence at 550 nm), which indicates that there was retention of incompletely hydrolyzed indo 1-AM. The presence of incompletely hydrolyzed indo 1-AM complicates conversion of the fluorescence ratios to [Ca2 ]i.17
To define further the localization and fate of indo 1 in the intact heart, tissue homogenates were fractionated by differential centrifugation. 18 Figure 4B . Possible effects of dimethyl sulfoxide and Pluronic F-127 alone were tested in one heart, and no change in ventricular pressure was found. Ischemia is produced by cessation of coronary perfusion for 60 seconds while the heart is paced at 180 beatslmin by an epicardial plunge electrode. Baseline systolic pressure is above 100 mm Hg. Ischemia produces a prompt decline in pressure, along with progressive elevation of the calcium transients, which begins S seconds later. Reperfusion causes return of both signals to their original levels but with a temporary impairment of relaxation that may be due to elevation of diastolic [Ca2+] . Panel B is a recording of the F400 Fs50 autofluorescence ratio during ischemia and reperfusion in a heart not yet loaded with indo 1. Beat-to-beat calcium transients are notably absent, and there is no effect ofischemia (which begins at time 0) on thefluorescence ratio. Subsequent loading ofthis heart with indo 1 produced very prominent calcium transients (shown in Figures 1 and5) , whose net amplitude wasfurther increased by ischemia ( Figure 5 ). Loading of the heart with indo 1 produced an 8.3-fold increase in the absolute fluorescence intensity at 550 nm and an 11.1-fold increase at 400 nm. The heart was paced at 180 beatslmin throughout the recording. ischemia, which can only occur in perfused tissue. Figure 4A shows the effect of a 60-second episode of global ischemia, during which the heart is paced at 180 beats/min. Ischemia produces a prompt increase in the peak amplitude of the calcium transients, along with an upward shift of the baseline, so that the F4m/F55o ratio at end diastole approaches the normal systolic value. In most cases, the systolic fluorescence ratio increases more rapidly than the diastolic ratio so that the net amplitude of the calcium transients becomes larger (Figures 5 and 6 ). Net amplitude reaches a maximum value between 45 and 60 seconds, after which both ratios increase more slowly. The shape of the calcium transients also changes during ischemia so that the peak becomes broader and the terminal decay more abrupt ( Figure 7 ). All of these effects can be discerned in recordings obtained at single wavelengths ( Figure 5 ) as well as in the F40o/F550 ratio. The effects of ischemia are reversed by reperfusion for 60-90 seconds ( Figure 4A ), are reproducible during a series of three to six ischemic trials, and are consistent in a series of hearts for which the mean change in F4m/F550 ratio is shown in Figure 6 .
Elevation of the calcium transients during ischemia is accompanied by an equally prompt decrease in contraction strength ( Figure 4A) 2) Changes in autofluorescence could not, in principle, explain the increased net amplitude of the fluorescence transients. Changes in autofluorescence should have no effect on the amplitude of fluorescence transients at single wavelengths. Furthermore, an increase in autofluorescence at both wavelengths should diminish the transients observed in the ratio.
3) Changes in indo 1 fluorescence during ischemia are larger than the changes in autofluorescence. This point is particularly important for the 400 nm signal, where the effect of a [Ca2 ]i increase can be mimicked by an increase in autofluorescence. For the experiment in Figure 5 , the increase in 400 nm end-diastolic fluorescence during 90 seconds of ischemia is 2.7 times greater than the increase in autofluorescence during an ischemic trial that preceded infusion of indo 1-AM. Although the increase in autofluorescence causes some overestimation of indo 1 fluorescence at 400 nm ( Figure 5, top) , this effect is balanced by by deconvolution of the F4m/F550 ratio, and these calculations show that autofluorescence changes have no significant effect on the ratio and do not contribute to the increase in the ratio during ischemia.
Alternans Behavior of Calcium Transients
Consecutive calcium transients remain uniform throughout the 1st minute of ischemia. However, in the 2nd or 3rd minute, a characteristic nonuniformity develops in which every other transient is diminished in amplitude and arises from a higher enddiastolic level ( Figure 7A ). This pattern of alternation is stable at any given site on the ventricular surface. However, when the fiber-optic probe is moved to a different site during a continuous recording, the pattern of alternation may reverse so that if odd numbered transients were larger at the first site, they are smaller at the second site. This observation indicates that the alternans behavior of calcium transients within a 1-cm circular region is independent of the behavior in other regions.
Nonuniformity of the calcium transients is associated with similar variations in contraction strength. Contractions in Figure 7B , for example, exhibit alternations in amplitude during ischemia that are similar to the alternations of the calcium transient described above. Alternations are seen in both the intraventricular pressure recording (top trace) and in the contractions recorded by a strain gauge transducer, which has an inter-pin distance of 4 mm (bottom trace). However, as shown by the arrows, the pattern of alternation is out of phase in the two recordings so that weak contractions recorded by tial, which occurs within the 1st minute of rapidly paced occlusions and is reversed by reperfusion. Reversible depolarization during ischemia can be monitored with "floating" microelectrodes, or with monophasic action potential electrodes. 15, 16 Recordings of the latter type are illustrated in the top trace of Figure 8 . Reduction of the resting potential is accompanied by an upward shift in the calcium transient recorded from an adjacent site. The increase in the diastolic fluorescence ratio in Figure  8 would be consistent with the possibility that increased [Ca2"]i causes changes in membrane permeability that reduce the resting potential of the isc(hemic cells. 22 Ischemia also causes initial broadening of the action potential (Figure 8, top right) , which has been demonstrated previously by microelectrode impalement in the dog heart,23 and by suction monophasic action potential recordings in the pig heart.24 Broadening of the action potential is accompanied by elevation and broadening of the calcium transient ( Figure 8 , bottom right), which is reversed by reperfusion. Elevation of the calcium transient in Figure 8 could be a consequence of action potential broadening or could cause this broadening by inducing calcium-activated inward currents across the membrane of the myocardial cell.6-'0 The latter interpretation is suggested by the marked shortening of the action potential that occurs when the calcium transients of rabbit myocardium are deliberately abolished by the Consecutive action potentials are uniform during the 1st minute of ischemia. However, in the 2nd or 3rd minute, a pattern of nonuniformity often develops in which action potential duration alternates from beat to beat ( Figure 9A , top trace; and Figure  9B ). When action potentials and calcium transients are recorded from adjacent sites, the broader action potentials coincide with the larger calcium transients ( Figure 9A, bottom trace) . Changes in the action potential are most prominent during repolarization and are minimal during the upstroke ( Figure  9B ). There is substantial variation in the upstroke of the calcium transients (first 80 msec), even though the corresponding action potentials are superimposible during this time ( Figure 9B ). This observation shows that the changing amplitude of the calcium transients is not due to fluctuations in excitability or conduction. Alternation of the transients is more likely to result from variations in intracellular calcium release, which is the primary source of the calcium that gives rise to the transients. 26 A further implication of Figure 9 is that alternation of action potential duration can occur independently in discrete regions of the ischemic heart so that the pattern of alternation in a particular region can either be in phase or out of phase with some other region. We have confirmed this inference directly in two ischemic hearts where simultaneous monophasic action potential recordings were obtained at two different sites. Localization of monophasic action potential alternans to specific regions of the myocardium has also been reported in the ischemic pig heart24 and is consistent with the behavior we observed for the calcium transient and contraction ( Figure 7B ). Figure 6 were used for this analysis.
Verapamil Blocks Effects of Ischemia on Calcium Transients
sic action potentials. The increase in the fluorescence ratio during ischemia is markedly reduced in action potentials remain normal after 3.0 ,M verapamil, the effects of ischemia, such as reduction of the resting potential, broadening of the action potential, and alternation of action potential duration are prevented or greatly delayed.
Elevation of CO2 Simulates Effects ofIschemia on Calcium Transients
The mechanism by which calcium transients are elevated during ischemia is uncertain but probably involves impairment of calcium sequestration. Calcium sequestration can be impaired by acid metabolites such as C02, which accumulates rapidly during ischemia27 and which is known to increase
[Ca2+]i in barnacle muscle fibers28 and in isolated cardiac fibers.29,30 As shown in Figure 11 , infusion of hypercarbic saline increases the F4m/F550 ratio during both systole and diastole and causes broadening of the calcium transients similar to that seen in ischemia. This effect develops within 1 minute (Figure 1iB ) and recovers fully during reperfusion with saline containing normal CO2. The effects shown in Figure 11 have been observed in a total of five hearts for which the pH values of the infused saline ranged from 6.3 to 6.6. A similar result has been obtained in three hearts in which lactic acid (15-20 mM) was added to the saline solution, producing pH values of 6.3, 6.4, and 6.9. The effect of lactic acid on [Ca2+]i-dependent fluorescence is not ascribable to the lactate anion because infusion of a 20-mM lactate solution that had been neutralized to pH 7.30 had no effect on the F4m/F550 fluorescence ratio in two hearts.
The response to CO2 does not represent a direct effect of reduced pH on indo 1 fluorescence. This has been established by in vitro acidification (to pH W4|M. indicator indo 1. This is the first study in which calcium transients, action potentials, and contractions have been directly correlated in the intact heart. Indo 1 and the related compound fura-2 have been used previously in isolated myocytes from both embryonic and adult hearts.12-14,26,31 Studies with myocytes show that the acetoxymethylester form of these indicators can be loaded selectively into the myofilament space and can give highquality calcium transients at concentrations that do not produce significant buffering. 3, 30 The calcium transients recorded from the rabbit heart are similar in time course to those obtained in isolated cells, and they respond appropriately to interventions with known effects on [Ca2+]i. Absence of buffering is confirmed by the normal strength and duration of contractions in the indo 1-loaded hearts (Figure 2) .
A particularly important feature of indo 1 is that motion artifact can be cancelled by obtaining the ratio of signals at two emission wavelengths. This strategy has been used previously in isolated cardiac myocytes.13 Several observations show that the fluorescence ratio in indo 1-loaded rabbit hearts is free of motion artifact. First, calcium transients always precede the onset of contraction ( Figure 2 ) and have an upstroke velocity that is faster than the rise in force. Second, the fluorescence transients at 400 and 550 nm are opposite to one another, and are often monophasic, with no common mode deflection at any point in the cycle (e.g., Figure 1 ). Hearts with monophasic transients at 400 and 550 nm produce no transients at the isosbestic wavelength of indo 1.11-13 In other hearts, motion does produce a common mode deflection in the 400-and 550-nm signals, but these deflections cancel in the ratio, leaving monophasic calcium transients comparable to those in Figure 1 .
The major limitation of the indo 1 method, as presently used, is the absence of a satisfactory calibration procedure. Calibration is known to be hindered by incomplete deesterification of the indo 1-AM,'7 which clearly occurs based on the results of the manganese quenching studies. Changes in autofluorescence may also complicate the calibration of indo 1 recordings, although these effects are largely cancelled in the ratio, and can be corrected more precisely by subtracting the autofluorescence at each wavelength.
Once it is possible to record calcium transients in the intact heart, it is then possible to study the effects of ischemia. Ischemia produces striking abnormalities in the calcium transient that appear 5-10 seconds after cessation of flow. These abnormalities include 1) marked elevation of the systolic peak, 2) marked elevation of the end-diastolic level, 3) broadening of the systolic peak, and 4) an increase in the net amplitude of the transients. All of these changes can be observed in the individual fluorescence signals ( Figure 5 ) as well as in the F4m/F550 ratio. (Figure 2) . Second, studies with aequorinloaded cardiac fibers have shown that extended periods of hypoxia or metabolic inhibition20 often fail to increase [Ca2+]i. Possible reasons for this discrepancy include 1) failure of isolated preparations to simulate conditions in the intact heart (e.g., inability of isolated fibers to sustain physiological work loads and stimulus rates), 2) failure of energy deprivation to reproduce the conditions of ischemia, and 3) differences in the behavior of various calcium indicators.
An important feature of ischemia, which is not duplicated by hypoxia or metabolic inhibition, is accumulation of acid metabolites, such as CO2. Acidification35 Figure 9B ).
Variations in the calcium transient can occur independently in localized regions of the heart. This can be shown by rapid relocation of the fiber-optic probe, which can reverse the parity of the alternans during continuous recordings. Because membrane currents initiated by the calcium transient are known to have important effects on the action potential plateau,6 10 it seems quite possible that primary abnormalities of cytosolic calcium might be responsible for the nonuniformities of repolarization that occur in the ischemic heart.
An important implication of our findings is that the ability of various drugs to limit the electrophysiological consequences of ischemia may reflect prevention of concurrent abnormalities of [Ca21]i. In our experiments, concentrations of verapamil that inhibit the effects of ischemia on the calcium transient also prevent the abnormalities of the monophasic action potential that are illustrated in Figures  8 and 9 . Both verapamil and diltiazem retard the occurrence of ventricular fibrillation in vivo39,40 and prevent the decline in the threshold for production of fibrillation by application of pulse trains during the T wave. 41 The latter finding suggests that the uniformity of the ventricular refractory period is somehow preserved. Our experiments show that preservation of normal [Ca2+]i levels could be the basis for these beneficial actions.
